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Background: MicroRNAs (miRNAs) are small non-coding RNAs involved in
post-transcriptional gene regulation. miRNAs are taken in by intracellular exosomes,
secreted into circulation, and taken up by other cells, where they regulate cellular
functions. We hypothesized that muscle-enriched miRNAs existing in circulation mediate
beneficial metabolic responses induced by exercise. To test this hypothesis, we measured
changes in muscle-enriched circulating miRNAs (c-miRNAs) in response to acute and
chronic aerobic exercise.
Methods: Eleven healthy young men (age, 21.5 ± 4.5 y; height, 168.6 ± 5.3 cm; and body
weight, 62.5 ± 9.0 kg) performed a single bout of steady-state cycling exercise at 70%
VO2max for 60min (acute exercise) and cycling training 3 days per week for 4 weeks
(chronic exercise). Blood samples were collected from the antecubital vein before and
after acute and chronic exercise. RNA was extracted from serum, and the levels of
muscle-enriched miRNAs (miR-1, miR-133a, miR-133b, miR-206, miR-208b, miR-486, and
miR-499) were measured.
Results: All of these miRNAs, except for miR-486, were found at too low copy numbers at
baseline to be compared. miR-486 was significantly decreased by both acute (P = 0.013)
and chronic exercise (P = 0.014). In addition, the change ratio of miR-486 due to acute
exercise showed a significant negative correlation with VO2max for each subject (R = 0.58,
P = 0.038).
Conclusion: The reduction in circulating miR-486 may be associated with metabolic
changes during exercise and adaptation induced by training.
Keywords: exercise, maximum oxygen uptake, metabolism, microRNA, skeletal muscle
INTRODUCTION
MicroRNAs (miRNAs) are small non-coding RNAs of ∼19–22
nucleotides in length; miRNAs regulate gene expression at
the post-transcriptional level through translational inhibi-
tion or mRNA degradation (Ambros, 2004; Bartel, 2004).
miRNA-mediated gene regulation is a key mechanism of post-
transcriptional regulation in a wide range of physiological and
pathological processes.
Recently, growing evidence has shown that some miRNAs
are taken into intracellular vesicles (e.g., exosomes) and released
into circulation without being degraded by RNase (Valadi et al.,
2007). In addition, circulating miRNAs (c-miRNAs) can move
from circulation into other cells and regulate their functions
(Valadi et al., 2007). Thus, miRNAs are considered to be useful
biomarkers, which could determine various interactions between
tissues and also reflect physiological and pathological states.
In fact, circulating levels of several miRNAs are changed in
some types of cancer and cardiovascular diseases. In some cases,
they reflect incidence risk and disease development. Indeed,
c-miRNAs may contribute to the pathogenesis of the disease
by regulating protein expression of target cells (Mitchell et al.,
2008; Wang et al., 2009; Heneghan et al., 2010; Wang et al.,
2010).
Several miRNAs act as modulators of muscle cell function
such as proliferation, differentiation, hypertrophy, and nutrient
metabolism (Chen et al., 2006; Cardinali et al., 2009; McCarthy
et al., 2009; Dey et al., 2011). Some of these miRNAs are
highly enriched in muscle tissue and hence often referred to
as myomiRs. Four of these myomiRs, namely, miR-1, miR-
133a/b, and miR-206, make up nearly 25% of miRNA expression
in skeletal muscle in both humans and mice (Sempere et al.,
2004; McCarthy, 2008). Other miRNAs, namely, miR-486, miR-
208, and miR-499, are also encoded by muscle-specific genes
such as ankyrin and myosin heavy chain (McCarthy et al., 2009;
Small et al., 2010). Exercise and immobilization can change
the level of miRNAs in skeletal muscle, which is suggested to
account for phenotypic changes (Safdar et al., 2009; Aoi et al.,
2010; Nielsen et al., 2010). In addition, they may also reg-
ulate other tissues by secretion to circulation. Indeed, some
muscle-enriched miRNAs were detected in plasma and found to
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respond to pathological status in animal studies (Eisenberg et al.,
2007; McCarthy et al., 2007; Deng et al., 2011; Mizuno et al.,
2011).
Regular exercise can improve skeletal muscle function, includ-
ing nutrient metabolism and muscle strength along with reduc-
ing the risk of cardiovascular disease, type 2 diabetes, and
cancer. In addition to the adaptive effects by regular exercise,
even a single bout of exercise induces various benefits includ-
ing metabolic improvement. Although the detailed mechanism
remains unknown, exercise-induced benefits affect not only skele-
tal muscle but also other tissues in the body. We hypothesized that
c-miRNAs secreted from muscle tissue, or taken up by muscles
or other organs, can mediate transient and adaptive responses to
exercise. To our knowledge, it is not known if levels of muscle-
enriched c-miRNAs are changed in response to exercise. To test
this hypothesis, we investigated the levels of skeletal muscle-
enriched miRNAs in circulation in response to metabolic changes
induced by acute and chronic aerobic exercise in young sedentary
male subjects. Here, we report that both acute and chronic exer-
cise decrease the circulating levels of themuscle-enrichedmiRNA,
miR-486.
METHODS
ETHICAL APPROVAL AND SUBJECTS
Eleven healthy young male subjects (age, 21.5 ± 4.5 y; height,
168.6 ± 5.3 cm; and body weight, 62.5 ± 8.5 kg) who were not
habituated to a regular exercise regimen were recruited to partici-
pate in this study, which was approved by the ethics committee of
Kyoto Prefectural University. All of the subjects signed a consent
form after reading information about the study and having the
procedures explained to them. One man retired before the com-
pletion of exercise training program because of deconditioning
unrelated to the study. Therefore, data obtained from 10 subjects
were analyzed in the training intervention. None of the subjects
had any current or prior chronic disease, history of smoking, or
current use of any medications. The characteristics of the subjects
are shown in Table 1.
STUDY DESIGN
Before the experiment, an incremental exercise test was per-
formed to determine the maximum oxygen uptake (VO2max) of
each subject using indirect calorimetry (Aeromonitor AE310S;
Table 1 | Subject characteristics and blood metabolic factors.
Baseline Post-exercise Post-training
Body weight (kg) 62.5±9.0 61.8± 8.9*
Body mass index (kg/m2) 22.0±3.0 21.7± 2.8*
VO2max (ml/min/kg) 41.5±7.9 46.1± 9.7**
Work load (watt) 201±26 226± 31**
Blood glucose (mg/dl) 84±10 87±16 84± 6
Serum insulin (µU/ml) 11.9±6.1 9.3±9.8 12.0± 6.4
Blood lactate (mM) 1.0±0.2 3.0±1.4**
Values represent as the mean ± standard deviation obtained from 10–11
subjects.
*P < 0.05 vs. baseline. **P < 0.01 vs. baseline.
Minato, Osaka, Japan) on a cycling ergometer (75XLII; Combi,
Tokyo, Japan). The work load was gradually increased by 20
W every 2min until oxygen consumption following 2min of
unloaded pedaling could not be increased further. Objective cri-
teria for maximal effort included at least two of the following: (1)
increased workload without corresponding increase in VO2; (2)
respiratory exchange quotient equal to or greater than 1.10; and
(3) a pedal cadence lower than 50 rpm in spite of maximal volun-
tary effort. The work-load at 70% VO2max was estimated for each
subject. As a result, all subjects were corresponded to volitional
fatigue as at least one criteria.
A single-bout exercise experiment was performed 3 days fol-
lowing the incremental exercise test to eliminate the effect of
transient metabolic changes that continue for a while in post-
exercise. The subjects were asked not to eat or drink any-
thing except for water from 22:00 to the next morning. On
the experiment day, all subjects consumed 200 g of boiled rice
as breakfast 2 h before each exercise session to normalize the
effects of a pre-exercise meal. All participants performed a sin-
gle bout of steady-state cycling exercise at 70% VO2max for
60min. Blood samples were collected from the antecubital vein
before and after exercise, and blood glucose and lactate were
measured using simple measuring instruments (Lactate Pro,
GluTest; Arkray, Inc., Kyoto, Japan). Exercise training program
was started within 2 weeks after the single-bout exercise. Body
weight and blood pressure were measured to examine base-
line condition level. Participants exercised at 70% VO2max for
30min three times per week for 4 weeks. Forty-eight hours
after the last exercise session, blood samples were collected
described above, and blood glucose was measured. VO2max, body
weight, and blood pressure were measured again after 4 weeks of
training.
Each blood sample was collected in a spit containing serum-
separation agent, allowed to clot, and then centrifuged at
3500 rpm for 15min at 4◦C to separate serum. The isolated
serum was used for the measurement of insulin (FALCO), and
the remaining samples were immediately frozen at −80◦C for
miRNA analyses. The post-exercise change in plasma volume by
a single bout of exercise was determined from hemoglobin and
hematocrit concentrations, which were calculated using Dill and
Costill’s formula (Dill and Costill, 1974).
ISOLATION OF miRNAs AND RT–PCR
Total RNA extraction was performed using the TRIzol LS reagent
(Invitrogen, Carlsbad, CA). RT–PCR was performed using the
RNA samples obtained from serum. We used ready-made solu-
tions containing the primers and probes for human miR-1,
miR-16, miR-133a, miR-133b, miR-206, miR-208b, miR-486,
and miR-499 (Applied Biosystems, Foster City, CA), and per-
formed real-time RT–PCR using an ABI 7300 system (Applied
Biosystems). The Caenorhabditis elegans miRNA miR-39, which
lacks sequence homology to humanmiRNAs, was used as a spiked
control. Two femtomole of a chemically synthesized cel-miR-39
(Sigma-Aldrich Japan, Tokyo, Japan) was spiked into each serum
sample (50µl) after the addition of phenol solution to inhibit
RNase. In addition, miR-16, a representative miRNA enriched in
blood, was used as an endogenous control. The ratio of the signal
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for miRNAs to that for endogenous (miR-16) and exogenous
(cel-miR-39) controls was calculated for each serum sample.
STATISTICAL ANALYSES
All data are reported as the mean ± standard deviation. Because
normal distribution was not obtained for all parameters, non-
parametric analysis was used. Differences between pre- and post-
experiment parameters were evaluated by Wilcoxon signed-rank
test. Correlation between VO2max and change ratio of miR-486
between before and after a single bout of exercise was evalu-
ated by Spearman’s correlation analysis. Statistical significance
was accepted at the 5% level.
RESULTS
CHANGES IN SUBJECT CHARACTERISTICS IN RESPONSE TO ACUTE
AND CHRONIC EXERCISE
After 4 weeks of training, body weight (62.5 ± 9.0 kg to
61.8 ± 8.9 kg, P < 0.05) and body mass index (22.0 ± 3.0 kg/m2
to 21.7 ± 2.8 kg/m2, P < 0.05) were significantly decreased,
and VO2max (41.5 ± 7.9ml/min/kg to 46.1 ± 9.7ml/min/kg,
P < 0.01) and work load (201 ± 26 watt to 226 ± 31 watt, P <
0.01) were significantly increased, compared with baseline lev-
els (Table 1). The concentrations of blood glucose and serum
insulin were not changed by either a single bout of exercise or 4-
weeks training. The concentration of blood lactate was markedly
increased by a single bout of exercise compared with baseline
(1.0 ± 0.2mM to 3.0 ± 1.4mM, P < 0.01).
DETECTION OF MUSCLE-SPECIFIC miRNAs IN SERUM
The miRNAs miR-1, miR-133a, miR-133b, miR-206, miR-208b,
miR-486, and miR-499 are enriched in muscles, but typically
found at low levels in other tissues. We examined the levels of
muscle-specific miRNAs in circulation using real-time RT–PCR.
For each individual sample, the mean expression value was
calculated based on reference miRNAs according to a thresh-
old cycle (Ct) value. The mean Ct value was 35.7 (miR-1), 35.4
(miR-133a), 35.2 (miR-133b), 34.9 (miR-206), and 25.1 (miR-
486) (Figure 1). miR-208b and miR-499 could not be detected
(>50 Ct) in five and six subjects, respectively, and were difficult
to detect (>40 Ct) in the remaining subjects. The cut-off value
for low-copy (<250 copies) c-miRNAs is typically 35 PCR cycles;
below this value, miRNAs are difficult to quantify and accurately
compare (Mestdagh et al., 2009; Agueli et al., 2010). Therefore,
we judged that miRNAs except for miR-486 are difficult to be
compared changes in response to exercise.
CHANGES OF CIRCULATING miR-486 IN RESPONSE TO ACUTE AND
CHRONIC EXERCISE
First, we examined time-course changes in circulating miR-486
after acute exercise. Samples from six subjects were obtained
before and immediately, 3 h, and 24 h after exercise. Levels of
circulating miR-486 were significantly reduced immediately after
exercise but returned to baseline levels 24 h later (Supplemental
Figure A1). Based on these findings, all of the following com-
parisons were performed between values before and immediately
after exercise. We found that the level of c-miR-486 was signif-
icantly decreased after a single bout of exercise compared with
baseline when the values were normalized to c-miR-16 (100 ±
43% to 56 ± 41%, P = 0.013) (Figure 2A). A similar tendency
was also found when the values were normalized to c-ele-miR-39
(100 ± 87% to 54 ± 65%, P = 0.077) (Figure 2B). These findings
showed that the reduction in c-miR-486 induced by acute exer-
cise was recovered after 3 h and returned to baseline levels after
24 h (Figure A1). On the other hand, levels of miR-1, miR-133a,
miR-133b, and miR-206 were not significantly changed by acute
exercise (Figure A2).
The level of c-miR-486 (normalized to c-ele-miR-39) was
significantly decreased after chronic exercise as compared to
FIGURE 1 | Levels of muscle-enriched miRNAs in serum. The levels of
muscle-enriched miRNAs (miR-1, miR-133a, miR-133b, miR-206, miR-208b,
miR-486, and miR-499) and miR-16 in serum were measured using
real-time RT–PCR. miRNAs levels are expressed as a threshold cycle (Ct)
detection. Values represent the mean ± standard deviation obtained from
11 subjects.
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that before training (100 ± 99% to 20 ± 21%, P = 0.014)
(Figure 3B). A similar tendency was also found when the val-
ues were normalized to c-miR-16 (100 ± 221% to 16 ± 14%,
P = 0.069) (Figure 3A).
CORRELATION BETWEEN CIRCULATING miR-486 AND VO2max
There was a significant negative correlation between the change
ratio of c-miR-486 (normalized to c-miR-16) after a single bout
of exercise and VO2max (R = 0.58, P = 0.038) (Figure 4). On
the other hand, there was a tendency toward positive correlation
between the change ratios of c-miR-486 (normalized to c-ele-
miR-39) and serum insulin after training (R = 0.43, P = 0.107).
The change ratio of c-miR-486 between pre- and post-acute and
chronic exercise was not significantly correlated with the changes
in body composition or blood glucose (data not shown).
DISCUSSION
Exercise affects the levels of circulating anti-angiogenic miRNAs,
namely, miR-20a, miR-210, miR-221, miR-222, and miR-328
(Baggish et al., 2011). Several other miRNAs have also been
reported to regulate skeletal muscle function. However, they are
present in skeletal muscle at low levels, or are not muscle-specific.
In the present study, we focused our attention on seven muscle-
specific miRNAs. We observed that muscle-specific miRNAs were
present at very low levels in serum, suggesting their low secre-
tion from muscle cells into circulation. Therefore, it is difficult to
consider the effects of these miRNAs on other tissues. The only
exception was miR-486, which was found in serum at relatively
higher levels. The levels of this miRNA are 10–20-times higher in
skeletal and cardiac muscle cells than in other tissue cells (Small
et al., 2010). Consistent with our results, several previous studies
(Wang et al., 2010; Zampetaki et al., 2010; Konishi et al., 2012)
have shown that miR-486 circulates in the blood at relatively high
levels.
We found that the level of c-miR-486 is markedly decreased
after both acute and chronic exercise compared to baseline.
Several mechanisms may be responsible for the decrease in
c-miR-486 in response to exercise. Onemechanismmay be reduc-
tion in secretion from muscle cells to circulation. Although the
half-life of miR-486 is unclear, 60min of exercise is probably
FIGURE 2 | Changes in circulating miR-486 in response to acute
exercise. The level of circulating miR-486 in response to a single bout
of exercise was determined. The ratio of the signal for miR-486 to that
for miR-16 (A) and cel-miR-39 (B) was calculated for each serum
sample. Values represent the mean ± standard deviation obtained from
11 subjects.
FIGURE 3 | Changes in circulating miR-486 in response to chronic
exercise. The level of circulating miR-486 in response to 4 weeks of
exercise training was determined. The ratio of the signal for miR-486
to that for miR-16 (A) and cel-miR-39 (B) was calculated for each
serum sample. Values represent the mean ± standard deviation
obtained from 10 subjects.
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FIGURE 4 | The relationship between c-miR-486 and VO2max. Change
ratio of miR-486 between before and after a single bout of exercise and
VO2max values were plotted for each of 11 subjects. There was a significant
negative correlation between the change ratio of circulating miR-486
(normalized to miR-16) after acute exercise and VO2max (R = 0.58,
P = 0.038).
too short a period to reflect a decrease in circulating levels
by decrease of secretion. Another possibility is that degrada-
tion of c-miR-486 is accelerated by exercise. Stress induced
by exercise, e.g., oxidative, hormonal, mechanical, and osmotic
stress, may destroy exosome vehicles, leading to degradation of
miRNAs by RNases. However, the levels of a control miRNA
(c-miR-16) were not changed by either acute or chronic exer-
cise, suggesting that significant degradation of exosomes did
not occurred by exercise. Furthermore, exercise may acceler-
ate uptake of c-miR-486 from circulation into certain recipient
cells. Several studies (Valadi et al., 2007; Kosaka et al., 2010;
Mittelbrunn et al., 2011) have shown through in vitro experi-
ments that miRNAs contained in exosomes are transferable from
outer media into recipient cells, where they affect their biologi-
cal functions. Previously, we found that miR-486 level tended to
increase in skeletal muscle after exercise training inmice (data not
shown); this may partly be caused by uptake from circulation to
muscle cells.
We observed a negative correlation between the change ratio
of c-miR-486 by a single bout of exercise and VO2max at base-
line, which suggests that the reduction in c-miR-486 is associated
with energy metabolism during exercise. Small et al. (2010)
demonstrated that a major putative target of miR-486 is phos-
phatase and tensin homolog (PTEN), which is a negative regula-
tor of phosphoinositide-3-kinase/Akt signaling, a major pathway
downstream of the insulin receptor. Thus, miR-486 can regulate
insulin-dependent glucose uptake in metabolic tissues such as
the skeletal muscle. For maintaining muscle contraction during
exercise, it is important to supply glucose as a major energy sub-
strate. If substrate supply from blood glucose or muscle glycogen
is not facilitated, muscle contraction is hampered. Subjects with
low endurance capacity exhibit increased glucose uptake from
blood into muscle cells because they have low glycogen con-
tents in the muscle compared with those in subjects with high
endurance capacity. A single bout of exercise activates insulin sig-
naling in muscle cells during exercise, and this activation persists
even after exercise. The miR-486 may conduct glucose uptake
via activation of insulin signaling and suppression of PTEN,
which contributes to maintenance of muscle contraction dur-
ing exercise, especially in low-endurance subjects. In contrast,
high endurance subjects may maintain glucose metabolism even
if c-miR-486 is not taken into contracting muscle cells. Compared
with subjects who have high endurance capacity, subjects who
have high endurance capacity are better at lipid utilization than
glucose utilization as an energy substrate during exercise at mod-
erate intensity (Coggan et al., 1995); this may result from uptake
of c-miR486 from blood into muscle cells. If so, it may be rather
important to maintain the level of miR-486 in circulation during
exercise.
We also found that 4 weeks of exercise training markedly
reduced the level of c-miR486. Time-course analysis showed
that the reduction in c-miR-486 induced by acute exercise was
gradually recovered and returned to baseline levels 24 h after
exercise; this suggests that the reduction after 4-weeks train-
ing was not affected by a final exercise bout. Although several
mechanisms are likely involved in the adaptive reduction via
chronic exercise, uptake from circulation into muscle cells may
be similar to that in acute exercise because the level of miR-
486 in skeletal muscle increased after 4 weeks of exercise train-
ing in our previous study (data not shown). Numerous studies
(Perseghin et al., 1996; Goodyear and Kahn, 1998; Ross et al.,
2000; Donnelly et al., 2003; Jakicic et al., 2003) have shown
that exercise training adaptively improves insulin-dependent glu-
cose uptake in skeletal muscle at the resting state. The miR-
486 taken into muscles may partly contribute to metabolic
improvement via translational suppression or mRNA degrada-
tion of PTEN. Indeed, exercise training can decrease expression
of PTEN (Liu et al., 2012). We observed a tendency toward
positive correlation between the reductions in c-miR-486 and
insulin after training; this supports our hypothesis. In this case,
the reduction in miR-486 in circulation may be considered a
biomarker that reflects beneficial adaptation achieved by exercise
training.
In conclusion, we found that the muscle-enriched miRNA,
miR-486, is found in circulation in young healthy men.
Circulating miR-486 was markedly reduced by acute and chronic
exercise. There was a negative correlation between change ratio
of miR-486 due to acute exercise and VO2max. These findings
suggest that circulatingmiR-486mediates metabolic changes dur-
ing exercise and adaptation induced by training. It is unknown
whether uptake of circulating miR-486 into muscle cells is accel-
erated by muscle contraction; if so, the mechanism of secretion
and uptake remains to be elucidated. Further research is required
to examine both the detailed mechanisms and the physiological
relevance of the change in c-miR-486 in response to acute and
chronic exercise.
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APPENDIX
FIGURE A1 | Time-course change of circulating miR-486 in response
to acute exercise. The level of circulating miR-486 was determined
before (Pre) and immediately (Post-0h), 3 h (Post-3h), 24h (Post-24h)
after a single bout of exercise. The ratio of the signal for miR-486 to that
for miR-16 was calculated for each serum sample. Values represent as the
mean ± standard deviation obtained from six subjects. ∗P < 0.05 vs. Pre.
FIGURE A2 | Changes of circulating miRNAs in response to acute
exercise. The level of circulating miR-1 (A), miR-133a (B), miR-133b
(C), and miR-206 (D) in response to a single bout of exercise was
determined. The ratio of the signal for microRNAs to that for miR-16
was calculated for each serum sample. Values represent as the mean
± standard deviation obtained from 11 subjects.
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